The first neurons in the vertebrate brain form a stereotypical array of longitudinal and transversal axon tracts, the early axon scaffold. This scaffold is thought to lay down the basic structure for the later, more complex neuronal pathways in the brain. The ventral longitudinal tract is pioneered by neurons located at the ventral midbrainforebrain boundary, which form the medial longitudinal fascicle. Recent studies have shed some light on the molecular mechanisms that control the development of the medial longitudinal fascicle. Here, we show that patterning molecules, notably the ventralizing signalling molecule Shh, are involved in the formation of medial longitudinal fascicle neurons and in medial longitudinal fascicle axon guidance. Downstream of Shh , several homeobox genes are expressed in the tegmentum. We describe the expression patterns of Sax1 , Emx2 , Six3 , Nkx2.2 and Pax6 in the mesencephalon and pretectum in detail. Furthermore, we review the evidence of their molecular interactions, and their involvement in neuronal fate specification. In particular, Sax1 plays a major role in fate determination of medial longitudinal fascicle neurons. Finally, we discuss the available data on axon guidance mechanisms for the medial longitudinal fascicle, which suggest that different guidance molecules such as class 3 Semaphorins, Slits and Netrins act to determine the caudal and ventral course of the medial longitudinal fascicle axons.
Introduction
During early embryogenesis, the basic organization of the mature vertebrate brain is outlined by pioneering axons that form a well-conserved set of axon tracts, the early axon scaffold (reviewed in Nieuwenhuys, 1998) . This axon scaffold was first described in zebrafish (Chitnis & Kuwada, 1990; Wilson et al. 1990) , and has since been studied in a variety of non-amniote (e.g. Hartenstein, 1993; Doldan et al. 2000) and amniote species (e.g. Easter et al. 1993; Chedotal et al. 1995; Mastick & Easter, 1996) . In fish and amphibians (Fig. 1A; reviewed in Hjorth & Key, 2002) , it comprises two longitudinal tracts (tract of the postoptic commissure = TPOC, medial longitudinal fascicle = MLF) and three transversal tracts (supraoptic tract = SOT, dorsoventral diencephalic tract = DVDT, tract of the posterior commissure = TPC). The early axon scaffold also includes four commissures (anterior commissure = AC, postoptic commissure = POC, posterior commissure = PC, ventral commissure = VC). The cell bodies giving rise to these tracts are largely clustered in three areas, the telencephalon (dorso-rostral cluster), hypothalamus (ventro-rostral cluster) and tegmentum (ventro-caudal cluster) . A similar arrangement, particularly evident in the longitudinal tracts, is found in amniotes (Fig. 1B; reviewed in Nieuwenhuys, 1998) . Neurons in the hypothalamus project axons into the medial bundle to form the TPOC and mammillo-tegmental tract (= MTT), while the MLF is formed by neurons located in the tegmentum of pretectum and midbrain. In contrast, most transversal tracts are not readily identifiable in early amniote embryos. A notable exception is the TPC, formed by neurons at the midbrain-forebrain boundary (MFB), which is a prominent landmark of the pretectum. Also, a projection from the olfactory region (e.g. Windle & Austin, 1936) may be the equivalent of the SOT, while the AC and POC only form at later embryonic stages. Interestingly, the neurons of the mesencephalic nucleus of the trigeminal nerve differentiate early, thus establishing an early tract in the dorsal mesencephalon (DTmesV) that initiates the lateral longitudinal tract. Furthermore, the somatic motor neurons of the oculomotor and trochlear nuclei form distinct cell masses in the early tegmentum.
Among the tracts of the early axon scaffold, the MLF is particularly prominent. It is conserved in all vertebrate species, and several studies have highlighted the MLF as one of the earliest tracts in the brain, pioneering the medial longitudinal axon bundle (e.g. McConnell & Sechrist, 1980; Puelles et al. 1987; Ross et al. 1992) . The MLF originates from neurons located at the ventral MFB, both in the mesencephalon and in the pretectum ( Fig. 2A,C ). This region is marked by the expression of Gap43 (Fig. 2B) , a gene implicated in active axon outgrowth (e.g. Skene & Willard, 1981) . One group of MLF neurons, predominantly located in the mesencephalon, are scattered over a wide area dorsal to the MLF. They project their axons first ventrally, before turning caudally into the MLF ( Fig. 2A,C) . In contrast, most pretectal MLF neurons are located directly in the path of the MLF axons, are densely packed and project their axons immediately caudally ( Fig. 2A,C,D) . At later stages, the pretectal MLF neurons are intermingled with neurons projecting into the TPC (Fig. 2D) . It is unclear whether the mesencephalic and pretectal parts of the nucleus of the MLF (nMLF) are distinct. Puelles et al. (1987) distinguish between the pretectal area nucleus fasciculi longitudinalis medialis and the mesencephalic area tegmentalis, while other authors collectively refer to these as the ventro-caudal cluster (e.g. Hjorth & Key, 2002) .
Despite the prominence of the MLF in the early brain, little is known about the formation of this tract, particularly the specification of its neurons, and the factors guiding the outgrowth of its axons. In this article, we will review the current knowledge of the molecular mechanisms controlling MLF formation, and will present novel data on patterning, neuronal specification and axon guidance events in MLF development.
Materials and methods

Chick embryos
Fertilized domestic chicken eggs were obtained from Henry Stewart & Co. Ltd (Peterborough, UK). They were incubated at 38 ° C for the required stage. Embryos were prepared in phosphate-buffered saline (PBS; Fisher Scientific) and fixed in 4% paraformaldehyde, made up in PBS, for at least 24 h. Staging was according to Hamburger & Hamilton (1951) criteria.
Expression analysis
We employed RNA probes for chick Sax1 (Spann et al. 1994 ), Emx2 (Bell et al. 2001 , Isl1 (Tsuchida et al. 1994 ), Nkx2.2 (F. R. Schubert, unpublished data), Pax6 (Goulding et al. 1993 and Six3 (Chapman et al. 2002) for our analysis.
Formaldehyde-fixed chick embryos were bleached in 6% H 2 O 2 /methanol, and stored in methanol at -20 ° C. After rehydration in PBS, embryos were treated three times for 20 min with detergent mix (1% IGEPAL, 1% SDS, 0.5% dexoycholate, 50 m M Tris-HCl, pH 8, 1 m M EDTA, 0.15 M NaCl) and then briefly re-fixed in 4% paraformaldehyde. Prehybridization was for 1 h at 65 ° C in Prehyb mix (50% formamide, 5 × SSC, pH 4.5, 2% SDS, 2% Boehringer blocking reagent, 250 µ g mL -1 RNA, 100 µ g mL -1 heparin, in H 2 O).
Embryos were hybridized overnight in Prehyb mix with 1 µ g mL -1 of labelled probe. After several washes in Solution X (50% formamide, 2 × SSC, pH 4.5, 1% SDS) at 65 ° C, embryos were transferred to MABT (0.1 M maleic acid, 0.15 M NaCl, 0.1% Tween 20). Non-specific antibody binding was blocked by incubating the embryos in 20% goat serum, 2% Boehringer blocking reagent in MABT, followed by binding to the alkaline phosphatase-conjugated antibody (Roche). In double labelling experiments, digoxigenin-and fluoresceinlabelled probes were consecutively detected with the respective antibody. After washing in MABT, the bound antibody was detected using NBT/BCIP (Roche) and Vector Red (Vector Laboratories) as blue and red substrates, respectively.
Retrograde labelling of MLF and PC
Specific axon tracts in the embryonic brain were retrogradelabelled with lipophilic dyes (DiI, DiO; Molecular Probes). The mesenchyme was removed from chick embryos, and isolated, hemisected brains were fixed flat on black nitrocellulose membrane (Schleicher & Schuell). Crystalline DiI was applied to the ventral part of rhombomere 1/2 to label the MLF, while DiO was used to label the PC from the roof plate of the caudal pretectum.
To analyse the expression of Sax1 in relation to MLF neurons, we retrogradely labelled the MLF from the rostral hindbrain by fluorescein-labelled dextran (Molecular Probes). After the in situ hybridization for Sax1 , the fluorescein label was detected with an alkaline phosphatase-conjugated antifluorescein antibody (Roche), using Vector Red as substrate.
Immunohistochemistry
Neurons and axon tracts in the embryonic chick brains were detected with an antibody against neurofilament-M (Zymed RMO270), visualized by a peroxidase-conjugated anti-mouse antibody (Jackson Laboratories) using diaminobenzidine (Vector Laboratories) as substrate. When combined with mRNA detection, the primary antineurofilament antibody was applied after the wholemount in situ hybridization procedure.
Electroporation
The pXeX-Shh construct (Agarwala et al. 2001 ) was a gift from C. Ragsdale. The pCA β -Sax1 construct has been described elsewhere (Schubert & Lumsden, 2005) . Expression constructs were used at a concentration of 1 µ g µ L -1 , with Fast Green added to 0.1% to facilitate visualization of the DNA solution. The DNA solution was injected into the rostral neural tube of Hamburger & Hamilton (HH) stages 11-13 chick embryos, using a PV820 Picopump (World Precision Instruments). The platinum anode (0.25 mm in diameter) was placed lateral to the midbrain, while the flame-sharpened tungsten cathode (0.125 mm in diameter before sharpening) was inserted into the neural tube. Two pulses of 12.5 V/ 50 ms were applied, using an Ovodyne electroporator (Intracel). The eggs were then incubated for a further 1-3 days. 
Sectioning and photography
Where required, embryos were sectioned after the wholemount in situ hybridization or immunohistochemistry procedures. Sections of 30 µ m were cut on a vibratome (Pelco), and mounted in 80% glycerol in PBS. Digital photographs of whole embryos, dissected brain tissue or sections were taken using differential interference contrast, either in a Zeiss Axiophot or a Nikon Eclipse microscope. Subsequent processing and assembly of the images was performed with Adobe Photoshop CS.
Fluorescent samples were analysed in an Olympus Fluoview or Zeiss LSM510 confocal microscope, combining several frames from a Z -stack into single images.
Setting the scene: secondary organizers influence the early axon scaffold
The first MLF neurons differentiate shortly after the initial patterning of the brain, in zebrafish 16 h after fertilization (Ross et al. 1992) , and in the chick at HH13 (e.g. McConnell & Sechrist, 1980; Puelles et al. 1987) . They are positioned at the ventral MFB, a region under the influence of the ventralizing factor Shh expressed in the floor plate, and the caudalizing factor Fgf8 secreted from the isthmic organizer. The roles of both signalling systems in early brain patterning have been studied in detail, although not specifically in relation to the development of the MLF.
Fgf8 is the key signalling molecule secreted from the isthmic organizer, and functions in the initial induction of the mesencephalon, and the subsequent establishment of rostrocaudal polarity across the midbrain (reviewed in Nakamura & Watanabe, 2005) . Apart from the isthmus, Fgf8 is also expressed in the anterior neural plate where it is involved in the formation of the telencephalon. Mutations affecting the Fgf8 signalling pathway or the establishment of the signalling centres result in patterning defects and alterations to the early axon scaffold. In the zebrafish mutants ace (= Fgf8 , Shanmugalingam et al. 2000) and noi (= Pax2 , Macdonald et al. 1997) , the formation of the AC and POC is disrupted, which is attributed to erroneous development of midline glia cells.
Shh is expressed in the notochord and the floor plate along the whole rostrocaudal axis, and at later stages in the zona limitans intrathalamica (ZLI). In the spinal cord, Shh acts as a morphogen to specify the fate of different neuronal types in the basal plate (Briscoe et al. 2000) . Shh is likewise involved in dorsoventral patterning of the brain. In the midbrain, Shh has been suggested to suppress the development of the tectum and to promote the formation of the tegmentum (Watanabe & Nakamura, 2000) , because ectopic expression of Shh in the dorsal mesencephalon induces the expression of ventral genes (Watanabe & Nakamura, 2000; Agarwala et al. 2001 ). An additional later function of Shh contributes to the rostrocaudal patterning of the diencephalon by the ZLI (Kiecker & Lumsden, 2004) . Mutations in the Shh pathway also affect the early axon scaffold. In the zebrafish smu (= smoothened ) mutant, pathfinding defects of rostral tracts have been attributed to erroneous expression of axon guidance molecules in the ventral midline (Varga et al. 2001) . The effect of Shh on the MLF has not been studied. However, in smu zebrafish the expression of the homeobox gene Six3 , a marker for the ventrodaucal cluster at the MFB, is reduced (Tallafuss et al. 2003 ). This phenotype is reminiscent of the reduced number of GABA-positive PC and MLF neurons reported in the cyclops mutant, which lacks the floor plate (Patel et al. 1994) . Interestingly, the reduced Six3 expression levels in smu mutants are confined to the pretectum, while Six3 expression in the mesencephalic portion of the ventrocaudal cluster is down-regulated in the noi mutant (Tallafuss et al. 2003) . This differential response of neurons in the ventrocaudal cluster to defects in Shh or Fgf8 signalling is a further indication that the MLF may originate from two distinct populations of neurons.
To gain further insight into the role of Shh signalling in early brain morphogenesis, we analysed the morphology of the initial tracts following ectopic expression of Shh in the rostral brain. In line with earlier studies (Watanabe & Nakamura, 2000; Agarwala et al. 2001) , we found that ectopic Shh caused a macroscopic phenotype. In particular, the border between mesencephalon and diencephalon was less distinct, indicating a change of tectum and pretectum morphology (not shown). Staining the axon tracts with an anti-neurofilament antibody revealed prominent alterations to the MLF (Fig. 3) . Compared with control embryos, the nMLF appeared elongated, pointing to a possible role of Shh signalling in the specification of MLF neurons (Fig. 3C ). In the mesencephalon, MLF axons diverted from the normal route just lateral to the floor plate, to traverse further dorsally, sometimes even projecting into the tectum (Fig. 3B,C) . These pathfinding errors suggest a direct or indirect role of Shh in axon guidance for the MLF.
Organizing the tegmentum: transcription factors mark different domains
The specification of neuronal identity has been studied in detail in the spinal cord (Briscoe et al. 2000) . Progenitor cells in the ventral neural tube express specific homeobox genes in response to a gradient of Shh signalling from the floor plate. The combinatorial expression of homeobox genes in the progenitor cells determines the expression of a second set of homeobox genes in the differentiating neurons, and thus establishes the types of neurons formed at a specific position along the dorsoventral axis. Along the whole rostrocaudal axis of the spinal cord, the homeobox genes expression domains form longitudinal columns, corresponding to the columns of neurons. Similar longitudinal expression domains of homeobox genes have been described in the tegmentum of the mesencephalon and pretectum (Schubert et al. 1995; Sanders et al. 2002) , where they underlie the proposed arc model of organizing the ventral midbrain (Sanders et al. 2002) .
We have analysed the expression of Sax1 (Spann et al. 1994 ), Six3 (Bovolenta et al. 1998 ), Emx2 (Bell et al. 2001 ), Pax6 (Goulding et al. 1993 ) and Nkx2.2 (Ericson et al. 1997 in the developing chick tegmentum. Some of the expression patterns in the ventral midbrain have been reported previously (Schubert & Lumsden, 2005) . We have expanded the analysis to include Nkx2.2 as an additional marker, and also to report on the expression in the pretectum (Fig. 4) . In the midbrain at HH25, the expression of all genes analysed is restricted to the tegmentum (Fig. 4A) . Similar to the pattern in mice (Schubert et al. 1995) , chick Pax6 is expressed in a single, longitudinal stripe stretching from the isthmus to the MFB (Fig. 4A5) . This stripe has been described as separating arcs 2 and 3 in the arcuate model (Agarwala et al. 2001; Sanders et al. 2002) . The Pax6 expression domain is located dorsal to the oculomotor nucleus (marked by Isl1 expression), leaving a small gap (Fig. 4C5, 4D5) . The gap between the Isl1 and Pax6 expression domains is filled by the ventral stripes of Six3 and Emx2 expression. Both genes are also expressed in a further stripe dorsal to the Pax6 domain at this stage (arrows in Fig. 4B2, 4B3 ). The Sax1 expression domain does not reach as far caudally as those of Pax6 , Emx2 and Six3 , but overlaps with the single stripe of Pax6 , and with the two stripes of Emx2 and Six3 close to the MFB (Fig. 4A1, 4B1 ). In addition, at the MFB the Sax1 signals extend further ventrally compared with the other three genes. In crosssections, the expression of Sax1 , Six3 , Emx2 and Pax6 can be seen to be restricted to the mantle layer of the mesencephalic tegmentum (Fig. 4C,D) . In contrast, Nkx2.2 is expressed in the ventricular zone and mantle layer, in the latter overlapping with the expression of Pax6 and the dorsal domains of Emx2 and Six3 (Fig. 4C4, 4D4 ).
The expression of all genes analysed extends into the pretectum. However, the MFB is clearly visible as a discontinuity in the expression patterns. For Pax6 , the mesencephalic signals peter out rostrally, while in the pretectum Pax6 is expressed strongly in a domain at the same dorsoventral level (Fig. 4B5, arrowhead) . Emx2 and Six3 are still expressed in two stripes, but the dorsal stripe is much narrower than in the midbrain. The two stripes flank the Pax6 expression domain (arrowheads in Fig. 4B2, 4B3 ). In addition, Emx2 signals occupy a domain ventral to the two longitudinal stripes, corresponding to the red nucleus (Agarwala & Ragsdale, 2002 ; black arrowhead in Fig. 4A2 ). The two Six3/Emx2 stripes merge into one longitudinal stripe at the rostral border of the pretectum, where the ventral expression of Pax6 ceases. In contrast to Emx2 and Six3, the expression of Sax1 in the pretectal tegmentum is restricted to a ventral domain, which extends from the ventral expression area near the MFB (Fig. 4A1, 4B1 ). The signals for Emx2, Six3 and Sax1 traverse the ventral diencephalon up to the ZLI, where they turn dorsally to line the caudal border of the ZLI (Fig. 4F1-3 ). Nkx2.2 signals continue largely unchanged from the midbrain into the pretectum, overlapping with the Pax6 domain and the adjacent areas (Fig. 4A4) . (Agarwala et al. 2001) . MLF axons are no longer constricted to ventral course along the floor plate. Instead, many of the axons grow into dorsal midbrain territory (arrows). In addition, the mesencephalic and pretectal subpopulations of the nMLF are no longer distinct, and the nMLF appears extended rostrally (arrowheads). fp, floor plate; mes, mesencephalon; MLF, medial longitudinal fascicle; nIII, oculomotor nucleus; nMLF, nucleus of the MLF; pt, pretectum. , while the Sax1 domain encompasses the whole dorsoventral extent of the Emx2/Six3 and Pax6 domains (arrows). Sax1 is confined to the most superficial cells, while the expression of Emx2, Six3 and Pax6 reaches closer to the ventricular zone. In contrast, Nkx2.2 is expressed in the ventricular zone (arrowhead) and the mantle layer (arrow) in an area covering the Pax6 domain and cells just dorsal to it. (E,F) Coronal sections through the diencephalon of HH20 chick embryos, at the level of the ventral (E) and dorsal (F) pretectum. The rostral-caudal axis is indicated (E1,F1). In the ventral pretectum, Pax6, Emx2, Six3 and Sax1 are expressed in the outer mantle layer (arrows), similar to the ventral mesencephalon. Nkx2.2 signals again span across the ventricular zone (filled arrowhead) and mantle layer (arrow). In the dorsal pretectum, Pax6 is expressed throughout the ventricular zone and mantle layer (filled arrowhead), with a marginal zone of stronger signals (arrow). The signals for Sax1, Emx2 and Six3 are confined to the outer mantle layer (arrows). Six3 expression is restricted to the rostral pretectum, while the expression of Sax1 and Emx2 spans the whole dorsal pretectum. Nkx2.2 is not expressed dorsally. In addition to the pretectum, signals for Sax1, Emx2, Six3 and Nkx2.2 (open arrowheads) outline the caudal margin of the zona limitans intrathalamica, an area depleted of Pax6 signals. c, caudal; fp, floor plate; mes, mesencephalon; nIII, oculomotor nucleus; pt, pretectum; r, rostral; rh, rhombencephalon; rp, roof plate; tc, tectum; ZLI, zona limitans intrathalamica.
In contrast to their strictly basal expression in the midbrain, in the pretectum most of the genes analysed are expressed additionally in the alar plate (white triangles in Fig. 4A , arrows in Fig. 4F ). Pax6 is expressed broadly in the whole dorsal pretectum (Fig. 4A5, 4F5) . Indicating a role for Pax6 in the fate specification of TPC neurons, the dorsal neurons of the TPC fail to develop in the Pax6 mutant Small eye (Stoykova et al. 1996; Mastick et al. 1997) . On the other hand, Sax1, Six3 and Emx2 expression in the dorsal pretectum is limited to the outer mantle layer (Fig. 4A1-3,  4F1-3) . Interestingly, forced expression of Emx2 under the control of the Otx2 promoter results in the loss of the TPC (Suda et al. 2001 ), although it is not clear whether this phenotype is due to an earlier patterning defect or to misspecification of neurons. Sax1 and Emx2 are expressed equally in rostral and caudal pretectum, while Six3 signals are mainly located in the rostral half of the pretectum.
Specifying neuronal fate: Sax1 governs MLF development
This differential expression of homeobox genes in the tegmentum may establish a molecular code for the specification of neuronal fate in the ventral brain (Schubert & Lumsden, 2005) . In line with this model, Emx2 is involved in the formation of the red nucleus (Agarwala & Ragsdale, 2002) , and several homeobox genes act in the development of dopaminergic neurons in the later midbrain (reviewed in Prakash & Wurst, 2006) . However, it is unclear whether homeobox genes also participate in the specification of ventral neurons contributing to the early axon scaffold. The expression of several homeobox genes in close proximity to the nMLF during the differentiation of the first MLF neurons suggests a possible role of these transcription factors in neuronal specification, similar to the spinal cord. In particular, the Sax genes in mouse (Schubert et al. 1995; Simon & Lufkin, 2003) , zebrafish (Bae et al. 2004 ) and chick (Schubert & Lumsden, 2005) are expressed in the tegmentum, closely associated with the nMLF. Neurofilament staining (Fig. 5A ) and retrograde labelling of the MLF (Fig. 5B ) combined with in situ hybridization for Sax1 mRNA reveal that Sax1 signals in the chick overlap the position of the nMLF (Schubert & Lumsden, 2005) . Interestingly, in chick the expression domain of Sax1 at the MFB overlaps with that of Six3 (Fig. 4) , which in zebrafish marks the ventrocaudal cluster containing the nMLF (Tallafuss et al. 2003) .
To investigate the function of Sax1 in the formation of the MLF, the MLF was analysed in chick embryos expressing Sax1 ectopically in the midbrain ( Fig. 5C-F ; Schubert & Lumsden, 2005) . Neurofilament staining revealed alterations in neuronal morphology, affecting both tectum and tegmentum. In particular, while the MLF normally runs as a bundle close to the floor plate (Fig. 5C ), in Sax1-electroporated embryos the MLF was much wider, mirroring the dorsal expansion of the MLF following ectopic Shh expression (compare Figs 3B and 5D) . The irregular course of the MLF was visible as soon as 1 day after electroporation (Fig. 3D) , and the effect was even more pronounced after 2 days (Schubert & Lumsden, 2005) . Since ectopic Sax1 expression is induced by Shh (M. Ahsan and F. R. Schubert, unpublished data), it is likely that Sax1 mediates some of the phenotype seen after ectopic Shh expression. To analyse the effect on MLF morphology further, we stained specifically the MLF by retrograde labelling from the rostral hindbrain (Fig. 5E,F) . In control embryos, the mesencephalic and pretectal parts of the nMLF are distinct (Fig. 5E) . The MLF neurons in the rostral mesencephalon are located more dorsally, and first extend their axons ventrally before turning caudally. The pretectal MLF neurons are found in a more ventral position, and their axons grow only caudally. In Sax1-electroporated embryos, the distinction between the two parts of the nMLF is lost. The number of MLF neurons is increased, and the majority of these neurons extend their axons just caudally (Fig. 5F ).
The distinctive expression patterns of homeobox genes in the tegmentum suggest that their expression is precisely controlled. In the spinal cord, homeobox gene expression along the dorsoventral axis is initially controlled by a differential response to graded Shh signalling, followed by cross-repressive interactions between specific homeobox genes to sharpen the expression boundaries (Briscoe et al. 2000) . Shh can likewise induce the expression of different homeobox genes in the tegmentum in a dose-dependent manner (Agarwala et al. 2001) . To investigate whether the distinct expression patterns of homeobox genes in the tegmentum might also be shaped by reciprocal transcriptional regulation, the expression pattern of Emx2 was studied after ectopic Sax1 expression ( Fig. 5G,H ; Schubert & Lumsden, 2005) . While control-electroporated embryos showed the normal ventral signals of Emx2 in mesencephalon and pretectum (Fig. 5G) , ectopic Sax1 suppressed Emx2 expression (Fig. 5H) . In addition, a VP16-Sax1 construct induced ectopic Emx2 expression cell-autonomously (Schubert & Lumsden, 2005) , arguing for a direct regulation of Emx2 expression by Sax1. Interestingly, ectopic Emx2 also affects the expression of Sax1 (M. Ahsan and F. R. Schubert, unpublished data), indicating that, similar to the spinal cord (Briscoe et al. 2000) , the transcription factors in ventral mesencephalon and pretectum regulate each other. However, it should be noted that the crossrepressive interactions in the spinal cord regulate gene expression in the progenitor cells, while Sax1 and Emx2 are expressed in the mantle layer, presumably by differentiating neurons.
Pathfinding: axon guidance molecules delineate the course of the MLF
The fate specification of neurons is the first step in establishing the MLF, and is quickly followed by the outgrowth of axons. The MLF axons grow strictly caudally, in a loosely fasciculated bundle close to the ventral midline. The three main decisions for MLF axons likely to be controlled by axon guidance molecules are (1) to grow caudally not rostrally, (2) to stay ipsilateral rather than to cross the midline, and (3) to grow close to the midline not dorsally. Several members of the established families of axon guidance molecules are expressed in the tegmentum during MLF formation, but a detailed study of their expression patterns in correlation to axon outgrowth is lacking. To gain further insight into the possible axon guidance mechanisms in the formation of the MLF, we have examined the expression of class 3 Semaphorins, Netrins, Slits and their respective receptors during the initial stages of MLF development in the chick embryo (K. Riley and F. R. Schubert, unpublished data). Our preliminary data indicate that Sema3A is expressed just rostral to the nMLF, and that Sema3A signalling, mediated by Neuropilin1, contributes to preventing MLF growth into the forebrain. In zebrafish, a similar function can be attributed to a different Semaphorin: Sema3D is expressed just rostral to the ventrocaudal cluster, and the knock-down of Sema3D function by morpholinos allows MLF axons to grow into the forebrain territory (Wolman et al. 2004) . Possible candidates for controlling MLF growth along the floor plate are Netrins and Shh, which has recently been shown to act as a guidance molecule for longitudinal axon growth in the spinal cord (Bourikas et al. 2005) . The dorsal expansion of the MLF following ectopic Shh expression and the misprojection of MLF axons towards the tectum suggest that the guidance of MLF axons is affected by Shh. In the zebrafish floor plate mutant cyclops, MLF axon outgrowth is also disturbed (Patel et al. 1994) . However, while these data demonstrate the importance of floor plate signals for the MLF, it is not clear whether the guidance effects can be directly attributed to Shh, or whether the expression of other guidance molecules like Netrins is affected by Shh signalling. In zebrafish, the Netrin receptor DCC is expressed in the ventrocaudal cluster (Hjorth et al. 2001) , suggesting that Netrin might function as an attractive guidance molecule for MLF axons.
The expression pattern of the Slit ligands is not immediately suggestive of a guidance function during the course of the MLF axons across the mesencephalon. However, the broad bundle of MLF axons becomes focused at the isthmus, and repulsion by Slits expressed at the isthmus has been attributed to this narrowing of the tract (Molle et al. 2004 ). Another possible function for Slits might be to prevent MLF axons from crossing the ventral midline.
Concluding remarks
The organization of the vertebrate brain is outlined initially by an early scaffold of longitudinal and transversal axon tracts. Prominent among these is the MLF, which in many vertebrates is the first tract to be established in the brain. The MLF neurons are located at the ventral midbrainforebrain border, where they form two distinct populations: scattered neurons in the mesencephalon, dorsal to the path of the MLF, and a group of densely packed neurons in the pretectum, under the path of the MLF. Surprisingly little is known about the possible role and later fate of these two populations, though the early MLF neurons are often described as developing into the rostral interstitial nucleus of Cajal. This notion is backed by retrograde labelling studies in young rat embryos, where MLF axons were traced back to the nucleus (Auclair et al. 1993 ). Despite our patchy knowledge of early MLF anatomy, we are beginning to understand how patterning molecules, transcription factors and axon guidance molecules govern the formation of this early tract.
The analysis of mutant zebrafish has suggested that patterning by Fgf8 and Shh signalling could influence the formation of the ventrocaudal cluster of neurons, which includes the nucleus of the MLF (Tallafuss et al. 2003) . In this study, we have shown that ectopic Shh in the embryonic chick brain causes an expansion of the nucleus of the MLF, and results in the aberrant pathway of MLF axons. These results argue for a dual role of Shh in the formation of the MLF, both in fate specification and in axon guidance.
Likely downstream effectors of Shh signalling in the fate specification of MLF neurons are homeobox genes that are expressed in the tegmentum of the mesencephalon and pretectum. In particular, the expression of Sax1 correlates with the position of the MLF neurons in the mesencephalon and pretectum, and ectopic expression of Sax1 causes an expansion of the MLF (Schubert & Lumsden, 2005) . Patterning and fate specification in the tegmentum might follow a similar mechanism to that demonstrated in the spinal cord (Briscoe et al. 2000) . Several homeobox genes are expressed at distinct dorsoventral positions in the tegmentum (Sanders et al. 2002; Schubert & Lumsden, 2005) , and some of these transcription factors, such as Sax1 and Emx2, reciprocally regulate each other (Schubert & Lumsden, 2005) .
The MLF is the main longitudinal tract in the early embryo, and its axons follow a strictly caudal course. MLF axons therefore have to be prevented from entering the forebrain, and studies in zebrafish (Wolman et al. 2004) and chick (our unpublished data) have shown that class III Semaphorins in the ventral diencephalon, mediated by Neuropilin1, repel MLF axons (Fig. 6B) . On their path through the mesencephalon, MLF axons remain ventral, suggesting a possible attraction by the floor plate. In line with this hypothesis, we have shown that ectopic expression of Shh results in dorsal misrouting of MLF axons. This result suggests that Shh itself, or other molecules downstream of Shh signalling, like Netrins, are involved in the attraction of MLF axons to the floor plate region (Fig. 6B) . Finally, Slit signalling at the midbrain-hindbrain border has been shown to focus MLF axons to a narrow channel (Molle et al. 2004) .
The MLF has a simple organization, it pioneers the ventral longitudinal tract in the early embryo, and it is conserved through all vertebrate classes investigated. These features make it an ideal model to understand fully the formation of a complete axon tract, including the differentiation and specification of its neurons, the outgrowth of its axons and the recognition of its targets. We have made progress in unravelling the molecular events that regulate the formation of the MLF, but several questions remain unanswered. How different are the morphologically distinguishable two subpopulations of MLF neurons? Are they specified by different molecular mechanisms? What are the roles of genes like Emx2, Six3 or Pax6 in fate specification in the tegmentum? Which are the axon guidance molecules attracting the MLF to the floor plate? Are other guidance molecules involved in repelling the MLF from the alar plate, or preventing it from crossing the floor plate? What are the targets of the first MLF neurons? Future studies, combining the anatomical and molecular characterization of the MLF with the genetic dissection of regulatory pathways, will unravel the molecular mechanisms that govern the formation of this pioneering longitudinal axon tract.
